ABSTRACT Maintaining frequency stability of low inertia microgrids with high penetration of renewable energy sources (RESs) is a critical challenge. Solving this challenge, the inertia of microgrids would be enhanced by virtual inertia control-based energy storage systems. However, in such systems, the virtual inertia constant is fixed and selection of its value will significantly affect frequency stability of microgrids under different penetration levels of RESs. Higher frequency oscillations may occur due to the fixed virtual inertia constant or unsuitable selection of its value. To overcome such a problem and provide adaptive inertia control, this paper proposes a self-adaptive virtual inertia control system using fuzzy logic for ensuring stable frequency stabilization, which is required for successful microgrid operation in the presence of high RESs penetration. In this concept, the virtual inertia constant is automatically adjusted based on input signals of real power injection of RESs and system frequency deviations, avoiding unsuitable selection and delivering rapid inertia response. To verify the efficiency of the proposed control method, the contrastive simulation results are compared with the conventional method for serious load disturbances and various rates of RESs penetration. The proposed control method shows remarkable performance in transient response improvement and fast damping of oscillations, preserving robustness of operation.
I. INTRODUCTION
Concerning on the environmental issue, energy shortage, and rapid economic growth, utilization of power electronicbased renewable energy sources (RESs) is gaining more attention for generating electrical power. Microgrids can offer a sufficient infrastructure for integrating RESs to the utility grid [1] , [2] . Consequently, power electronic-based RESs have become the major components in existing microgrids. However, the dynamic stability (e.g., frequency/voltage control) and control/protection strategies must remain the priority. Currently, the high-level integration of RESs has created serious challenges including difficulties in maintaining frequency stability owing to the reduction in system
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inertia triggered by the introduction of power electronicbased RESs [3] . Therefore, introducing RESs into microgrids significantly decreases the inertia of the whole system and the system voltage/frequency can be oscillated. Moreover, focusing on microgrid operation, microgrids may operate either in islanded or grid-connected modes. In the islanded mode, microgrids are more sensitive to encounter with challenges in voltage and frequency control. Especially, these issues would be worsen in case of the islanded microgrids with a high level of power electronic-based RESs due to the significant lack in system inertia. Accordingly, in the low inertia microgrids, power unbalances can cause rapid and severe changes in voltage and frequency oscillations, leading to the degradation of microgrid resiliency and stability [4] .
To overcome these stability issues driven by the low system inertia, novel concepts of virtual inertia control (e.g., virtual synchronous machine and synthetic inertia) have been introduced [5] - [7] . The virtual inertia is imitated by high-level control of power inverters-based energy storage systems, increasing the whole system inertia and frequency performance/ stability [8] . The virtual inertia control systems addressed in [8] - [16] have been designed to connect ESS with the utility grid. It is guaranteed that the applications of virtual inertia control can efficiently supply uninterruptable power between the grid-connected and islanded modes for microgrid operation [9] , [10] . In recent years, a virtual inertia control-based algebraic type was designed in [9] by a proportional gain and first order element, improving frequency stability of the microgrid. In [10] , they proposed a control technique for inverters to imitate the characteristics of synchronous generators, increasing system inertia and damping. In [11] , they presented a virtual inertia control method to improve dynamic performance of distributed/RESs generators. In [12] , they implemented virtual inertia control-based supercapacitor to provide the inertia response of synchronous generators in an islanded microgrid. The effects of virtual inertia control on transient stability of a microgrid were investigated in [13] . In [7] , they proposed virtual inertia emulation based on the rotor of doubly fed induction generator (DFIG) of wind turbines and supercapacitor. In [14] , they applied an application of virtual inertia control to increase frequency performance of interconnected systems-based HVAC transmission line. In [15] , they proposed a coordinated control between the virtual inertia control and HVDC system to enhance dynamic stability of interconnected systems. In [16] , multiple HVDC interconnections have been controlled to contribute to the inertia of power systems.
While, in virtual inertia control-based above references, a virtual inertia constant value is fixed at one value for responding all penetration levels of RESs/disturbances. The selection of virtual inertia constant values in [8] - [16] is based on the trade-off or graphical analysis-based between the response time and dynamic performance of the system. Thus, it requires extensive eigenvalue sensitivity analysis, and may cause unsuitable selection or adjustment errors, leading to system instability. In addition to inertia constant, system frequency and power oscillate after the penetration of disturbances/RESs similar to those of synchronous generators, but the transient tolerance of power electronic-based RESs is much less than actual synchronous generators. Hence, using the fixed virtual inertia constant would significantly affect the frequency stability/performance of the system under different penetration levels of disturbances/RESs. Higher frequency oscillations after contingencies may occur due to the fixed virtual inertia constant or unsuitable selection of its value, deteriorating system stability, performance and resiliency.
To solve the stability problems caused by the fixed virtual inertia constant, the self-adaptive virtual inertia control techniques are proposed in [17] - [19] . In [17] , they designed virtual inertia control with alternating moment of inertia to suppress power oscillations for microgrids. In [18] , they proposed a self-tuning method of virtual inertia control to improve frequency stability of a microgrid. In [19] , they presented the adaptive virtual inertia control considering the effect of damping factor on frequency response. However, based on the aforementioned references, the proposed methods are complex to implement and the effect of high RESs penetration has not been considered for self-adaptive virtual inertia control. Moreover, with the increasing high renewable integration recently, the independent system operators (ISO) need new control techniques for existing and future microgrids [20] . These uncertainties and changes in high RESs integration can cause the self-adaptive inertia control methods to be unstable to provide a suitable performance over a wide range of microgrid operating conditions. Hence, without considering the effect of high RESs penetration in the control designs, the self-adaptive inertia control systems in [17] - [19] may be insufficient and unstable after high-level penetration of RESs, leading to higher frequency oscillations and system instability. In the worst case, the self-adaptive virtual inertia control may stop working owing to oscillations with high amplitude after high penetration of RESs, resulting in cascade outages and power blackouts. This is the major weakness of the aforementioned methods.
To deal with such a challenge and ensure stable/robust operation of a microgrid due to low system inertia created by high RESs penetration, this paper proposes the selfadaptive virtual inertia control-based fuzzy logic considering high RESs penetration. Since fuzzy logic control offers the simplicity, reliability and robustness including the advanced capability in solving non-linear problems, thus, the fuzzy logic has been applied in all fields of engineering and science including solving control issues in power system operation and control [20] , [21] . In particular, the fuzzy logic can help in the modeling complex behavior of the system, where the direct correlation between the system input and output could not be evaluated through the equations by employing human understanding [22] , [23] . In recent years, numerous studies have been reported for fuzzy logic-based numerous control/system configurations to improve frequency stability of power systems in [20] and [22] - [29] . However, no report focuses on the design and analysis of fuzzy logic-based virtual inertia control considering high RESs integration.
Therefore, this paper presents a novel intelligent methodology using the fuzzy logic control technique to enhance frequency performance of the low inertia microgrid under the situations of high RESs penetration. The higher-level application of virtual inertia control is created based on the derivative control method. The proposed fuzzy system utilizes the signals of system frequency deviations and real power changes of RESs to determine a simple fuzzy logic-based virtual inertia constant, enabling self-adaptive inertia response from the virtual inertia control system. The proposed control method offers the main contributions for existing and future microgrids owing to emerging high RESs integration, which the conventional virtual inertia control systems might not be appropriate to deliver the desired stability/performance over a wide range of microgrid operation. To verify the efficiency of the proposed self-adaptive virtual inertia control technique, a computer simulation is conducted for modeling the microgrid test system, including high penetration of wind/solar farms, industrial and residential loads in MATLAB/Simulink software. The obtained results are compared with the conservative virtual inertia control design-based derivative control technique in [14] - [16] and [30] .
After introduction, the rest of this paper is organized as follows: Section II introduces the dynamic structures of the studied microgrid, highlighting virtual inertia control and frequency response. Section III proposes the self-adaptive virtual inertia control-based fuzzy logic. Section IV displays the simulation results of the proposed control technique. Lastly, it summarizes with the main conclusions in Section V.
II. SYSTEM CONFIGURATION A. MODELING OF THE STUDIED MICROGRID
The studied microgrid with RESs penetration employed in this work is shown in Fig.1 . The system consists of 12 MW of a non-reheat thermal power plant, 7 MW of a wind power plant, 4 MW of an energy storage system (ESS), 6 MW of a solar power plant, 10 MW of industrial loads, and 5 MW of residential loads. The 15 MW is used as the system base [31] . The communication links (i.e., dotted line) are used to connect the magnitude of electric devices in distributed locations, exchanging control instructions and status information. This study also assumed that the microgrid is not connected to any large power utility, operating as the stand-alone/islanded system [32] .
To analysis frequency control, the dynamic model of the studied microgrid in the presence of RESs penetration is constructed in Fig. 2 . This figure describes the block diagram of a typical microgrid control area with a conventional generation unit (i.e., thermal power plant) and renewable generation units (i.e., wind/solar power plants). To make the system close to practical conditions of the actual microgrid, this work applied the generator rate constraint (GRC) and the rate limitation of turbine-valve/gate closing or opening speed (V U , V L ) for the conventional generator, creating system nonlinearity [33] , [34] . The GRC is considered as 12% p.u. MW/minute for non-reheat thermal power generation. The thermal power station delivers the needed power, and offers primary frequency control to the microgrid. The area control error (ACE) is used to reduce the error of steady-state frequency for secondary frequency control. In addition to older/small power systems, the ACE may be neglected, where linearized models are used. The ESS helps the thermal power station in providing the needed power, and emulates inertia and damping characteristics for inertia control. The renewable power plants (i.e., wind/solar) can provide a considerable amount of power to the system, but these power plants are not participated in the frequency control. Thus, wind/solar power and load demand (i.e., residential and industrial loads) are assigned as the disturbances to the microgrid. Based on [15] , [16] and [29] - [35] , it is guaranteed that the dynamic model-based low-order used in Fig. 2 is accurate enough for frequency stability study and analysis. The microgrid/control parameters are defined in Table 1 [33] .
B. MODELING OF VIRTUAL INERTIA CONTROL
Replacing a number of conventional synchronous generation with a high level of RESs into microgrids introduces serious frequency stability problems owing to the lack in system inertia [3] , [7] . For this reason, the concept of virtual inertia emulation/control is applied to generate the damping and inertia characteristics based on conventional synchronous generation, increasing system inertia/stability and allowing the RESs penetration in frequency control. In this study, it is presumed that the inertia power could be emulated using the combination of the ESS, power converter and control technique. Thus, the ESS is essentially an inertial unit, which can adjust the active power of the system, and regulate system frequency through inertia response by changing the control characteristic of the corresponding power converter.
To create the inertia power using the ESS, the dynamic structure of virtual inertia control is designed as shown in Fig. 3 . In this study, the derivative control technique is the key concept of inertia control, which is able to determine the rate of change of frequency (ROCOF) to modify the extra active power to the set-point value of the system after the disturbance/RES penetration. To obtain the real behavior of the ESS, the low pass filter is added to the system, VOLUME 7, 2019 FIGURE 2. The dynamic model of the studied microgri. providing dynamic response. The filter-based low-pass type could also eliminate the noise problem caused by frequency measurements, since the derivative control is very sensitive to the noise. The limiter block is applied to restrict the minimum/maximum power capacity of the ESS, representing the practical energy condition of the ESS. Therefore, the dynamic model in Fig. 3 can virtually emulate the desired inertia power and characteristic to the studied microgrid during the disturbance/RESs penetration, increasing the whole system inertia, frequency performance and stability.
The dynamic equation for imitating virtual inertia power is evaluated using (1). During frequency deviations caused by the disturbance/RES penetration, if the active power via the power converter-based ESS is proportionally controlled by the ROCOF, the inertia power can be virtually emulated to the system, increasing inertia response of the microgrid as [15] , [16] and [30] :
where J means the virtual inertia constant, T VI means the virtual inertia time constant of the added filter for imitating the dynamic behavior of the ESS, and f means the system frequency deviation.
C. FREQUENCY CONTROL FOR THE STUDIED MICROGRID
To preserve desirable stability and performance of the microgrid during high penetration of RESs, three main control processes (i.e., primary control, secondary control and inertia control) are used in this study as follows:
• During inertia control, the processes of primary and secondary control have not been activated, thus, the system frequency is stabilized using the kinetic energy from the conventional generator or virtual inertia control-based ESS after the disturbance [15] , [16] , [30] .
• During primary control, the system frequency is stabilized using the conventional generator to a new steadystate condition after the disturbance [33] .
• During secondary control, the system frequency is recovered using the ACE to its nominal equilibrium state after the disturbance [33] , [36] . To understand what inertia control is, this work describes the dynamic structure of frequency control focusing on inertia response. In conventional power systems, the dynamic behavior of synchronous generators based on the swing equation can be expressed as [35] :
where J s means the moment of inertia, ω means the angular velocity of the synchronous rotor, T m and T e mean the mechanical and electrical torque for the generator, P m and P e mean the mechanical and electrical power for the generator. The inertia power response is usually generated using the stored kinetic energy in synchronous generators. Thus, the kinetic energy (E kinetic ) of system rotating mass including spinning loads is formed as [35] :
Since the dynamics of system frequency consist of the aggregated rotating/spinning dynamics, the system inertia (H ) can be defined as a proportion of kinetic energy and system power rating as [35] :
where S is the system power rating-based synchronous machine. Thus, the initial response to frequency deviations after the disturbance is stabilized by the system inertia (H ). The ROCOF means the time derivative of the frequency signal, which is used to calculate the inertia response of the system as [35] , [37] and [38] :
where f 0 is the nominal system frequency. Hence, the ROCOF is one of the important measurements, which the inertia control depends on. Afterwards, focusing on the dynamics of the studied microgrid, the control equations of each component (See Figs. 2 and 3 ) are formulated as follows:
Therefore, the control law/dynamic equation for frequency deviations in the studied microgrid considering the effects of inertia control, primary control and secondary control can be modified using (1) and (6) -(12) as:
where H is the equivalent microgrid inertia or system inertia, D is the equivalent microgrid damping coefficient, P m is the generated power change from the thermal power plant, P RES is the total generated power change from the renewable power plants, P inertia is the virtual inertia power change from the ESS, P L is the total load change of the system, P g is the generated power change from the governor unit-based thermal power plant, P ACE is the control signal change for secondary control, K i is the supplementary frequency controller, P W is the generated power change from the wind power plant, P wind is the initial wind speed power change, P PV is the generated power change from the solar power plant, P solar is the initial solar radiation power change, P SL is the load power change from the residential area and P BL is the load power change from the industrial area.
III. SELF-ADAPTIVE VIRTUAL INERTIA CONTROL BASED FUZZY LOGIC
Fuzzy logic is a heuristic supervised learning methodology, which utilizes the human understanding or knowledge of experts/operators to establish the control system. Due to its simplicity, reliability and robustness, fuzzy logic has been implemented in all fields of engineering and science, including solving control problems [20] , [21] . In power system operation and control, fuzzy logic can handle problems with the capability in solving system uncertainty and non-linear or un-modeled systems [28] . In addition to system modeling, it helps in modeling complex behavior, where the direct correlation between the system input and output cannot be evaluated by equations. In decades, the fuzzy logic has been widely implemented to adjust the controller gains. After the change of system operation, the gains of controllers are tuned using the fuzzy system based on a set of ''if-then'' rules [22] , [24] .
In recent years, virtual inertia control techniques with a fixed virtual inertia constant or control gain are widely used to emulate the inertia and damping characteristics of synchronous generators, increasing system inertia and responding all penetration levels of disturbances/RESs [14] - [16] , [30] . The control signal of conventional virtual inertia control with a fixed virtual inertia constant is defined as (1) . However, the conventional virtual inertia control cannot provide the reasonable performance under different penetration levels of disturbances/RESs due to the fixed virtual inertia constant.
In this study, the fuzzy system is utilized to adapt the virtual inertia constant of virtual inertia control, enabling self-adaptive and fast inertia response to the microgrid. The schematic of the proposed self-adaptive virtual inertia control can be demonstrated in Fig. 4 . During frequency deviations with low RESs penetration, if the microgrid is operated with a big value of virtual inertia constant, it can cause longer settling time in stabilizing the system frequency, leading to slow damping of oscillations. In such a situation, the system would need a small value of virtual inertia constant to deal with the system frequency, delivering fast damping of oscillations. On the contrary, during frequency deviations with high RESs penetration, a big value of virtual inertia constant is significantly required to reduce the oscillations with high amplitude caused by high RESs penetration corresponding to low system inertia, avoiding system instability and collapses. Thus, if the virtual inertia control system can properly adjust the virtual inertia constant to track the changes in disturbances/RESs penetration, the optimal performance and stability of the microgrid can be achieved. To calculate the VOLUME 7, 2019 FIGURE 5. The structure of the fuzzy system-based self-adaptive virtual inertia constant.
appropriate value of virtual inertia constant and enable selfadaptive virtual inertia control, the proposed fuzzy system is utilized by combining the fuzzy interface with fuzzy rules. From (1), the virtual inertia constant will be automatically adjusted by the knowledge base and fuzzy interface of real power changes of RESs and system frequency deviations.
The proposed fuzzy system consists of the fuzzification, inference engine, fuzzy rule base, and defuzzification, as displayed in Fig. 5 . The real power changes of RESs ( P RES ) and system frequency deviations ( f ) are used for inputs of the fuzzy system. The output is a normalized value of the virtual inertia constant (J F ). There are two inputs and one output for the fuzzy system. Initially, the fuzzification is used to convert the actual inputs to the fuzzy values. Thus, Input 1 and Input 2 can be formed as:
where K 1 and K 2 are scale factors of the fuzzification system. In this study,
Later, the fuzzy values of Input 1 andInput 2 are forwarded to the fuzzy inference engine with the rule base. The fuzzy rule base is the fundamental operation of fuzzy logic for mapping the input signal to the output signal. To evaluate the suitable value of J F , the fuzzy rule base is used by combining the input signals of P RES and f. From Table 2 , 15 fuzzy rules are determined based on the knowledge and practical experiences of the virtual inertia control and operation as follows:
1) When f and P RES are relatively small, a zero value of J F should be used to stabilize the system frequency, delivering fast damping of oscillations.
2) When f and P RES are relatively large, a medium value (in case of negative large f ) or very big value (in case of positive large f ) of J F should be used to reduce the oscillations with high amplitude caused by the high RESs and system inertia reduction, avoiding system instability and collapses.
3) When f is relatively small and P RES is relatively large, a medium value (in case of negative small f ) or very big value (in case of positive small f ) of J F should be applied to stabilize the system frequency with high amplitude caused by the high RESs and system inertia reduction, avoiding system instability and collapses. 4) When f is relatively large and P RES is relatively small, a zero value (in case of negative large f ) or medium value (in case of positive large f ) of J F should be used to stabilize the system frequency, delivering fast damping with low frequency oscillations.
By utilizing Table 2 , the fuzzy rules is defined in the form of ''if-then'' conditions as follows:
where A, B, and C mean the fuzzy set on the corresponding sets.
The various fuzzy rules and membership functions for the inputs and output of the fuzzy system are designed in Fig. 6 and Table 2 . The Input 1 has three triangular and two trapezoidal memberships, whereas the Input 2 has one triangular and two trapezoidal memberships. The output of the fuzzy system has two trapezoidal and three triangular memberships. The triangular membership function is selected because it has the characteristics of remarkable control performance and simplified calculation [28] . The range of fuzzy variables used in this study are f = [−0.5, 0.5] Hz, and P RES = [0, 1] p.u. The output range of J F is set as [0, 4] s, which is optimally determined based on the extensive eigenvalue sensitivity analysis in [15] and [30] . µ means the grade of each membership. The inputs and output are divided into fuzzy subsets, and defined using linguistic variable. NL is negative large, NS is negative small, ZO is zero, PS is positive small, PL is positive large, L is low, M is medium, H is high, S is small, B is big, and VB is very big.
The fuzzy inference engine changes the fuzzy rules to the fuzzy linguistic output in Table 2 . However, the fuzzy linguistic output is unavailable for the signal of equalization control. To solve such a problem, the defuzzification process is required. Finally, the results from the fuzzy rules are sent to the defuzzification, and converted to the crisp values using the centroid defuzzification method as [39] :
where y i means the value of the output, which corresponds to the grade µ i for the i th . Ru means the number of fuzzy rules.
By utilizing the proposed fuzzy system, the virtual inertia constant can be automatically adjusted to track the changes in different penetration levels of disturbances/RESs, enabling self-adaptive inertia response. The dynamic equation of the self-adaptive virtual inertia control can be established as:
76076 VOLUME 7, 2019 Therefore, the proposed self-adaptive virtual inertia control is not only to provide fast damping with low frequency deviations and sufficient inertia response, but also to effectively reduce the high amplitude/overshoot of oscillations under different penetration levels of disturbances/RESs.
IV. SIMULATION RESULTS AND ANALYSIS
This section presents the necessity of employing the selfadaptive virtual inertia control-based fuzzy logic over the serious reduction of microgrid inertia driven by the increasing penetration of RESs. The impacts of the fuzzy logic contribution for the inertia control are also demonstrated. Since the higher-level application of virtual inertia control in this paper is created based on the derivative control technique, thus, the performance of the proposed control technique is compared with the conventional virtual inertia control-based derivative control technique in [14] - [16] and [30] . In addition to the conventional technique, the fixed virtual inertia constant (J = 0.85) is properly obtained based on the extensive eigenvalue sensitivity and trade-off analysis. To demonstrate the efficiency and robustness of the proposed self-adaptive inertia control design, nonlinear simulations are carried out using MATLAB/Simulink software. Contrastive critical scenarios with different penetration rates of RESs, load patterns, system inertia, and control parameters are conducted for examining microgrid frequency response. According to the frequency operating standard for islanded systems used today [40] , the acceptable limits of frequency deviations in this work are defined as 49.5 to 50.5 Hz (± 0.5 Hz) during no contingency event, and as 49 to 51 Hz (± 1 Hz) during the generation/load event.
A. SCENARIO 1: 20% OF RESs PENETRATION For Scenario 1, the frequency response of the system is tested under a normal condition of high system inertia (i.e., 20% reduction from its nominal value). The microgrid operations are slightly disturbed by low power penetration of wind/solar farms, and industrial/residential load patterns as seen in Fig. 7 .
From in the cases of no virtual inertia control and conventional control. The frequency overshoot of the microgrid is significantly reduced in case of the proposed control technique due to the involvement of fuzzy logic-based self-adaptive inertia control. Obviously, the proposed control technique can significantly improve the performance of ROCOF, thus, the smaller frequency overshoot is obtained. During the penetration of wind and solar generations at t = 200 − 800 s, the better performance for the proposed control technique can be observed in comparison of conventional control in deriving the system frequency deviation close to zero. The disconnection of 0.07 p.u. in the solar farm at t = 800 s results in the sudden frequency drops of 0.26 and 0.21 Hz in the cases of no virtual inertia control and conventional control. Evidently, the system frequency drop is significantly enhanced owing to the proposed control technique, maintaining the stable frequency stability and performance of the microgrid. Fig. 9(a) shows the suitable adaptation of virtual inertia constant during the normal microgrid operation. Compared with the conventional control, the self-adaptive virtual inertia control-based fuzzy could properly adjust the virtual inertia constant to track the changes in penetration levels of wind and solar generations, delivering faster response with smaller oscillations. Fig. 9(b) shows that the proposed control technique can extract more inertia power from the ESS by discharging than the conventional inertia control. Thus, the main generation-based thermal unit is less stressed, and requires less power generation due to the proposed control technique as shown in Fig. 10 .
B. SCENARIO 2: 80% OF RESs PENETRATION
To conduct the severe test scenario, the total penetration of RESs is increased to 80% of its capacities (See Fig. 11 ) and the frequency response of the system is examined under the critical condition of low system inertia (i.e., 60% reduction from its nominal value). To represent more drastic operating conditions from the frequency stability point of view, the high 76078 VOLUME 7, 2019 FIGURE 11. Renewable power generations under the situations of high wind velocity and solar radiation for scenarios 2 and 3. power generations from wind/solar farms are connected to the system at the similar load demand patterns as shown in Fig. 7b , causing low load damping factor (i.e., higher frequency oscillations).
Following the serious event, the well-adjustment of virtual inertia constant during the high RESs penetration is shown in Fig. 12(a) . Obviously, the adjustment rate of virtual inertia constant increases after the connection of wind energy, and decreases after the disconnection of solar energy due to the employment of fuzzy logic-based adaptive inertia control. Compared with the traditional control, the self-adaptive virtual inertia control-based fuzzy is able to track the severe changes in high penetration of RESs, leading to the fast damping of oscillations with low amplitude. Fig. 12(b) demonstrates that the virtual inertia power is greatly discharged using the proposed control technique, ensuring the robustness of system operation. Fig. 13 shows the main power generation from the thermal unit. In case of no inertia control, the thermal generation unit is unstable to maintain the required power generation due to high renewable integration and low system inertia, causing further cascade events. While, the proposed self-adaptive inertia control could effectively help the thermal unit in maintaining the required power generation with less oscillations compared with the conventional control, reducing the risk of reaching its physical limit and avoiding further cascade events.
As a result in Fig. 14 , the system frequency is more fluctuated during this scenario. Without the inertia control, the system frequency severely fluctuates, utimaltely leading to the instability and wide area power blackout. Using both the proposed adaptive and traditional inertia control, the system frequency can be alleviated. In case of the conventional control, the transition states during the connection of 0.34 p.u. in the wind farm and disconnection of 0.24 p.u. in the solar farm cause the large transients of about ±1.5 Hz, which exceed the acceptable frequency standard limits, resulting in unstable conditions of the microgrid. Conversely, it is evident that the proposed technique provides the more stabilizing effect during high renewable integration and low system inertia. Consequently, the system frequency can be maintained in the permissible limits, implying the robustness of microgrid operation.
C. SCENARIO 3: MISMATCH PARAMETERS OF PRIMARY AND SECONDARY CONTROL
In practical microgrids, it is possible to have an inaccuracy of parameters estimated for designing the system. Besides, the system parameters might vary by time, seriously detoriterating the system performance and causing the system instability. Therefore, it is nessessary to investigate the microgrid stability and performance under the system parameter variations including primary and secondary control. In this scenario, both the proposed self-adaptive inertia control and conventional inertia control are responsible for providing primary frequency support during the mismatch microgrid control parameters. To demonstrate the adaptive property and robustness of the proposed control technique-based fuzzy logic, this test scenario is applied the severe disturbances similar to Scenario 2, but the system parameters including primary and secondary control are drastically changed due to Table 3 .
It can be seen from Fig. 15 that serious frequency deviaions can be clearly observed. Without the virtual inertia control, it becomes impossible to maintain the system frequency stability, creating cascade failures and widespread blackouts. During the transitions of wind and solar generations at t = 200 s and t = 800 s, the conventional virtual inertia control with the fixed inertia constant cannot handle the applied parameter perturbation, causing larger frequency oscillations and overshoots of about ±2 Hz with longer settling time of about 20 s (implying slow damping of oscillations). It shows that the conventional inertia control is not robust enough to a wide range of disturbances, significanlty affecting the stable microgrid operation. However, the proposed control technique can increase the damping performance of the microgrid, thus, the frequency oscillations are smaller than the conventional one. Consequently, the system frequency is properly maintained within the acceptable frequency standard limits. This scenario imples that the self-adaptive virtual inertia control-based fuzzy logic is very robust against a wide range of microgrid operations including parameter varations, preserving the stable frequency stability even in more drastic conditions. From Table 4 , the performance index of the microgrid frequency deviation is evaluated for all test scenarios. It is obvious that the evaluation indices are quite better when the self-adaptive virtual inertia control-based fuzzy logic is applied, ensuring stable frequency stabilization.
V. CONCLUSION
The significant issue raised in the existing and future microgrids is the frequency control under the situation of low system inertia due to high renewable integration. In this paper, enhancing the frequency stability of low inertia microgrid under high RESs penetration and serious disturbances is investigated. It has been shown that the conventional virtual inertia control technique with a fixed virtual inertia constant provided a poor performance, and could not guarantee the frequency stability of low inertia microgrid under the different penetration levels of RESs/disturbances. In response to this challenge, the self-adaptive virtual inertia controlbased fuzzy logic has been proposed in this paper to track the changes in different levels of RESs/disturbances, enhancing frequency stability of low inertia microgrid. The proposed fuzzy logic-based virtual inertia control adopts the suitable value of virtual inertia constant considering real power changes of RESs and frequency deviations of the microgrid. By applying a big value of virtual inertia constant during high RESs penetration, the frequency transients and oscillations are significantly reduced. On the contrary, a small value of virtual inertia constant is adapted during low RESs penetration, increasing the performance of fast damping of oscillations. The simulation results confirm that the stabilizing performance and robustness of the microgrid frequency stability with the proposed control technique are superior to the conventional control against various penetration levels of disturbances and RESs penetration. Besides, this paper shows the importance of the proposed fuzzy logic in making the self-adaptive virtual inertia response dynamically to RESs/disturbance changes during the drastic situation of low inertia microgrid. Since 2019, he has been a Senior Research Fellow with the Power System and Renewable Energy Laboratory (Mitani-Watanabe Lab), Kyushu Institute of Technology. Currently, he is developing a research project about inertia estimation of Japan power system using Phasor Measurement Units (PMU) with the Tokyo Electric Power Company (TEPCO), Japan. His research interests include power system stability, robust power system control, intelligent optimization, and smart/micro-grid control. He is also the holder of the PMU licensed patent. He has authored numerous books and book chapters, and over 250 journals and conference papers. His research interests include the areas of power system stability, dynamics, and control. VOLUME 7, 2019 
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